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During antibiotic drug development, media are frequently spiked with either serum/plasma or protein
supplements to evaluate the effect of protein binding. Usually, previously reported serum or plasma protein
binding values are applied in the analysis. The aim of this study was to evaluate this approach by experimen-
tally measuring free, unbound concentrations for antibiotics with reportedly high protein binding and their
corresponding antimicrobial activities in media containing commonly used protein supplements. Free, un-
bound ceftriaxone and ertapenem concentrations were determined in bacterial growth medium with and
without bovine/human serum albumin, as well as adult bovine serum and human plasma using in vitro
microdialysis. The corresponding antimicrobial activity was determined in MIC and time-kill curve experi-
ments using Escherichia coli ATCC 25922 and Streptococcus pneumoniae ATCC 6303 as test strains. A semi-
mechanistic maximum effect model was simultaneously fitted to the data and respective EC50 (concentration
at half-maximum effect) values compared. Protein binding differed significantly for ceftriaxone (P < 0.05)
between human plasma (76.8 � 11.0%) and commercially available bovine (20.2 � 8.3%) or human serum
albumin (56.9 � 16.6%). Similar results were obtained for ertapenem (human plasma, 73.8 � 11.6%; bovine
serum albumin, 12.4 � 4.8%; human serum albumin, 17.8 � 11.5%). The MICs and EC50s of both strains were
significantly increased (P < 0.05) for ceftriaxone when comparing human and bovine serum albumin, whereas
the EC50s were not significantly different for ertapenem. Free, unbound antibiotic concentrations differed
substantially between plasma and protein supplements and correlated well with antimicrobial efficacy. There-
fore, free, active concentrations should be measured in the test system instead of correcting for literature
protein binding values.

Most drugs bind to proteins or other biological materials,
such as albumin; �1-acid glycoprotein; lipoproteins; �-, �-, and
�-globulins; and erythrocytes. Thus, free, unbound drug con-
centrations in plasma decrease as the degree of binding to
these compounds increases. It is a well-recognized fact that, at
least for small molecules, only free, unbound drug distributes
into the extravascular space and is responsible for pharmaco-
logical activity and/or side effects (22, 26, 40). For antibiotics in
particular, reduced free, active drug concentrations as a result
of protein binding are reflected in decreased antimicrobial
activity (22). In theory, this effect is most pronounced for
antibiotics with extensive protein binding. To date, most stud-
ies evaluating the effect of protein binding on the potency of an
antibiotic against a certain pathogen determine changes in the
respective MIC (22). Whereas both bacterial growth and kill-
ing are dynamic processes, the MIC is a static, highly variable
threshold value, incapable of predicting antibiotic activity at
concentrations apart from the MIC (19, 27). In comparison,
the evaluation of growth and antibiotic-induced kill profiles
over time (time-kill curves) provides more detailed informa-

tion than the MIC. Once experimentally determined, time-kill
curves can be characterized by the simultaneous fit of appro-
priate mathematical models and quantitatively compared by
respective outcome parameters, such as the concentration at
half-maximum effect (EC50) (27). Time-kill curves have, con-
sequently, been suggested as an experimental method for the
evaluation of protein binding effects on antimicrobial activity
(28, 40). In order to account for protein binding in these
experiments, bacterial media are spiked with either human
serum or protein supplements. When supplementing with hu-
man serum, its actual content frequently has to be limited to
�50%, since it may inhibit bacterial growth or modify the
antibacterial activity (13, 16, 22). On the other hand, when
supplementing with proteins, usually human serum albumin
(HSA) or comparatively less-expensive animal albumins (3, 9,
11) are employed, as HSA is the main natural binding compo-
nent of antibiotics (15, 25, 33, 36, 40). Nevertheless, the actual
free, unbound antibiotic concentration after either human se-
rum or protein supplementation is rarely determined. Instead,
literature or protein binding values determined in vitro are
frequently employed to estimate free, unbound concentrations
(5, 14).

The goal of the present study was to evaluate this ap-
proach by linking measured free, unbound concentrations of
the two highly bound �-lactams ceftriaxone (83 to 96%) (30,
31, 38) and ertapenem (84 to 96%) (4) to their respective

* Corresponding author. Mailing address: University of Florida,
College of Pharmacy, Department of Pharmaceutics, P.O. Box 100494,
Gainesville, FL 32610-0494. Phone: (352) 273-7856. Fax: (352) 392-
3249. E-mail: hartmut@ufl.edu.

� Published ahead of print on 8 September 2008.

3994

 at E
N

A
L on N

ovem
ber 5, 2009 

aac.asm
.org

D
ow

nloaded from
 

http://aac.asm.org


antimicrobial activity against gram-positive Streptococcus
pneumoniae ATCC 6303 and gram-negative Escherichia coli
ATCC 25922.

MATERIALS AND METHODS

Organisms. E. coli ATCC 25922 and penicillin-sensitive S. pneumoniae ATCC
6303 were obtained from the clinical microbiology laboratory at Shands Hospital
at the University of Florida. E. coli and S. pneumoniae were grown in a CO2

incubator (Barnstead-Thermolyne, Melrose Park, IL) in Mueller-Hinton broth
(MHB) or Todd-Hewitt broth (THB) plus 5% CO2, respectively. To ensure the
purity of the bacterial strains, they were subcultured at least three times before
either usage or freezing of the stock cultures. The bacterial inoculum was pre-
pared from colonies incubated overnight on 5% sheep blood agar plates (Remel
Microbiology Products, Lenexa, KS). The microorganisms were suspended in
0.9% sterile saline solution to a concentration equivalent to a 0.5 value in the
McFarland scale (Remel Microbiology Products, Lenexa, KS) with a turbidime-
ter (A-JUST; Abbott Laboratories, North Chicago, IL). This value on the
McFarland scale of 0.5 is equivalent to a number of 1 � 108 viable CFU/ml.
Further dilution steps to reach a final working inoculum of approximately 5 �
105 CFU/ml were performed in broth.

Antibiotics and growth media. Ceftriaxone disodium was purchased from
Sigma-Aldrich (St. Louis, MO), and ertapenem sodium was obtained from
Merck & Co., Inc. (Whitehouse Station, NJ). The antibiotics were prepared and
stored according to the manufacturer’s recommendations. MHB (Becton Dick-
inson, Franklin Lakes, NJ) and THB (Difco, Detroit, MI) were used as liquid
growth media. MHB and THB were both prepared according to the manufac-
turer’s instructions and autoclaved prior to use at 121°C (15 min per 1 liter). The
broth media were supplemented with either 40 g/liter bovine serum albumin
(BSA) (catalog no. A3059, lot. no. 036K0735; Sigma-Aldrich, St. Louis, MO) or
40 g/liter HSA (catalog no. 12666, lot no. B75308-01; Calbiochem, La Jolla, CA)
and filtered through 0.2-�m filters (Millipore, Billerica, MA) and the pH was
adjusted to 7.4.

HPLC analysis. (i) Instrumentation. The high-performance liquid chromatog-
raphy (HPLC) system for both ceftriaxone and ertapenem consisted of the
Agilent 1100 series (Agilent Technologies, Waldbronn, Germany), comprising a
model G1313 autosampler, a model G1311 quaternary pump and G1315 DAD
UV detector, an Agilent Chemstation for LC systems, and a LiChrospher 100
reversed-phase 18 analytical column (RP-18 [5-�m particle size]; Merck KGaA,
Darmstadt, Germany).

(ii) Chromatographic conditions. (a) Ceftriaxone. The ion-pair chromatogra-
phy assay procedure was adapted from Kovar et al. (12). Reversed-phase HPLC
was performed at room temperature at a flow rate of 1.0 ml/min. The mobile
phase consisted of a mixture of buffer (7.5 mM KH2PO4; J. T. Baker Chemical
Co., Phillipsburg, NY) and acetonitrile (56:44, vol/vol) with 5 mM hexadecyltri-
methylammonium bromide (Sigma-Aldrich, St. Louis, MO) as the ion-pair re-
agent. The final pH of the mobile phase was adjusted to 8.8. Twenty-five micro-
liters of ceftriaxone were injected and detected at 280 nm. The run time was set
to 16 min.

(b) Ertapenem. The chromatography procedure was adapted from Gordien et
al. (8). The mobile phase consisted of 10 mM phosphate buffer adjusted to pH
6.5 with concentrated orthophosphoric acid and mixed with acetonitrile. A gra-
dient was run at a flow rate of 1 ml/min. Forty microliters of ertapenem were
injected and detected at 305 nm. The run time was set to 14 min.

Protein binding. Free, protein-unbound ceftriaxone and ertapenem concentra-
tions were determined in in vitro dose-ranging (20, 40, 80, 160, and 320 �g/ml)
extraction efficiency microdialysis experiments. Briefly, blank lactated Ringer (LR;
Baxter Health Care, Deerfield, IL) solution is pumped through a flexible CMA 60
microdialysis probe (CMA Microdialysis AB, Solna, Sweden) at a constant flow rate
of 2.0 �l/min. The relative recovery of the microdialysis probes was determined in
LR only and calculated according to the equation C(LR)dialysate/C(LR)sample, where
C(LR)dialysate is the free concentration recovered from the microdialysis probe and
C(LR)sample is the concentration in the test tube.

Once the relative recovery was determined, free, unbound ceftriaxone and
ertapenem concentrations were determined in triplicate at 37°C in THB, THB
with BSA, THB with HSA, and pooled adult bovine serum (ABS; HyClone,
Logan, UT) or pooled human plasma (HP; Shands Hospital at the University of
Florida, Gainesville, FL). It was previously reported that serum binding proper-
ties can be altered by heat treatment (37). Therefore, untreated pooled HP was
used for the in vitro protein binding experiments.

Protein binding (%) of the respective samples can then be calculated accord-
ing to the equation 1 � C(sample)dialysate/[RR � C(sample)total], where

C(sample)dialysate is the concentration in the protein-free dialysate and
C(sample)total is the mean concentration of the samples that were collected
directly out of the test tube at the beginning and the end of the 30-min sampling
period. The collected samples were analyzed by the reversed-phase HPLC meth-
ods described above.

Protein binding differences within the treatment groups were evaluated using
analysis of variance followed by least-square means to test for pair-wise differ-
ences. All statistical analysis was performed in SAS 9.1.3 (SAS Institute Inc.,
Cary, NC). A P value of �0.05 was considered statistically significant.

Pharmacodynamics. (i) MIC. The MICs of E. coli ATCC 25922 and S. pneu-
moniae ATCC 6303 against ceftriaxone and ertapenem were determined six
times according to the CLSI guidelines both in the presence and in the absence
of BSA and HSA using a serial dilution twofold broth macrodilution method
(34).

(ii) Time-kill curves. In vitro 6-h constant concentration time-kill curves were
performed in triplicate for both ceftriaxone and ertapenem against the test
strains in the presence and absence of BSA and HSA (34). Eight 50-ml cell
culture flasks (Nunc; Nunc A/S, Roskilde, Denmark) were filled with 20 ml of
bacteria-containing growth medium and incubated for 2 h before adding the
antibiotic. The selection of respective ceftriaxone or ertapenem concentrations
(Table 1) was based on their determined MICs and covered the entire antimi-
crobial spectrum, including the minimum inhibition of bacterial growth (0.25�,
0.5�, and 1� MIC), efficient bacterial killing (2� and 4� MIC), and maximum
bacterial killing (8� and 16� MIC). Samples were taken at 0, 0.5, 1, 1.5, 2, 3, 4,
5, and 6 h. Bacterial counts were determined, using an adapted droplet-plate
method (34). A control experiment with bacteria and no drug was run simulta-
neously. After incubation at 37°C for 20 to 24 h, viable counts were determined
on all readable plates.

Mathematical modeling. A modified susceptibility-based two-compartment
model was simultaneously fit to the time-kill curve data from experiments with
and without BSA and HSA (21, 34). In this model, the overall change in the
experimentally determined total number of bacteria was defined as the sum of
self-replicating, antibiotic-sensitive cells and metabolically inactive, insusceptible
persister cells (1). While bacterial growth could be sufficiently described by the
growth-rate constant ks (h�1), antibiotic-induced kill was characterized by the
maximum kill-rate constant kmax (h�1), the antibiotic concentration C (�g/ml),
and the EC50 (�g/ml). The final shape of the curve fit could be optimized by a
Hill or shape factor (h).

In order to compare the respective EC50s in the presence or absence of BSA
or HSA, ks, kmax, and h values were fitted across all treatment groups for each
antibiotic and strain. Initial parameter estimates for ks, kmax, and h were obtained
from individual curve fits and compared for differences. Since no differences in
the parameter estimates were observed (data not shown), arithmetic means were
used as the initial estimates for the simultaneous curve fits across the treatment
groups.

After simultaneously fitting the susceptibility-based sigmoidal maximum effect
model to the experimental time-kill curve data with the nonlinear least-square
regression software Scientist 3.0 (Micromath, Salt Lake City, UT), models were
characterized by model selection criteria and graphs visually inspected for quality
of fit. EC50 comparisons were done using analysis of variance, followed by
least-square means. A P value of �0.05 was considered statistically significant.

RESULTS

Protein binding. As shown in Fig. 1, mean protein binding
(	 standard deviation) values for both ceftriaxone (76.8 	
11.0%) and ertapenem (73.8 	 11.6%) were higher in pooled
HP than in THB with and without BSA or HSA, as well as
pooled ABS (P � 0.05). For ceftriaxone, protein binding was
significantly lower in commercially available BSA (20.2 	
8.3%) and HSA (56.9 	 16.6%), as well as pooled ABS (30.7 	
6.2%). Similar lower protein binding values were also observed
for ertapenem (BSA, 12.4 	 4.8%; HSA, 17.8 	 11.5%; pooled
ABS, 38.3 	 9.8%).

Pharmacodynamics. (i) MICs. The determined MICs (pre-
sented as modes) are shown in Table 1. No differences in the
MICs were found for ertapenem against S. pneumoniae both in
the presence and in the absence of BSA and HSA. However, in
the presence of HSA (versus no albumin), MICs were in-
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creased for ceftriaxone against E. coli and S. pneumoniae, as
well as for ertapenem against E. coli. In comparison, when
supplementing with BSA (versus no albumin), no changes in
the MICs were detected for ceftriaxone against E. coli and
ertapenem against E. coli, whereas values were increased for
ceftriaxone against S. pneumoniae.

(ii) Time-kill curves. Qualitative evaluation of the time-kill
curves showed that, in comparison to albumin-free medium, there
are no differences in the growth of both E. coli and S. pneumoniae
in the presence of BSA and HSA (Fig. 2). However, further
evaluation showed differences in antimicrobial activity when com-
paring samples with and without albumin supplementation. These
differences were most apparent at concentrations of 8� MIC
(with respect to albumin-free medium). While the maximum kill

effect was not reached at 8� MIC for ceftriaxone when HSA was
added, these concentrations were sufficient for ertapenem and
ceftriaxone in the presence of BSA as well as for ertapenem
supplementing with HSA.

Mathematical modeling. Simultaneous curve fits of ceftriax-
one and ertapenem against E. coli and S. pneumoniae with and
without BSA or HSA are shown in Fig. 3 and 4. The corre-
sponding model parameters for ceftriaxone and ertapenem
against both strains in the presence and absence of BSA and
HSA are listed in Table 1. For ceftriaxone, the calculated
EC50s for both strains were higher in the presence of HSA than
in the presence of BSA (P � 0.05) or in the absence of albumin
(P � 0.05). The difference remained significant after adjusting
for multiple comparisons. In contrast, no differences in the

TABLE 1. Determined MICs (presented as modes) and simultaneously fitted model parameters (	 standard deviations) of ceftriaxone and
ertapenem against E. coli and S. pneumoniae in the presence and absence of BSA and HSA

Antibiotic, strain, and protein
supplementa

Parameter

MIC (�g/ml) ks (h�1) kmax (h�1) EC50 (�g/ml) h MSC

Ceftriaxone
E. coli ATCC 25922

Without albumin 0.064 2.40 (	0.34) 6.34 (	0.13) 0.027d (	0.0007) 1.61 (	0.10) 4.24
With BSA 0.064 0.057d (	0.007)
With HSA 2 1.096b,c (	0.0272)

S. pneumoniae ATCC 6303
Without albumin 0.01 1.56 (	0.08) 3.59 (	0.11) 0.004d (	0.0004) 2.18 (	0.14) 4.04
With BSA 0.02 0.015d (	0.0099)
With HSA 0.16 0.084b,c (	0.0147)

Ertapenem
E. coli ATCC 25922

Without albumin 0.015 2.76 (	0.89) 6.02 (	1.00) 0.010 (	0.0035) 2.54 (	0.14) 4.71
With BSA 0.015 0.020 (	0.0029)
With HSA 0.03 0.014 (	0.0046)

S. pneumoniae ATCC 6303
Without albumin 0.025 2.28 (	0.13) 3.28 (	0.11) 0.010 (	0.0019) 2.65 (	0.25) 2.67
With BSA 0.025 0.010 (	0.0015)
With HSA 0.025 0.019 (	0.0101)

a BSA and HSA were added at a protein concentration of 40 g/liter.
b Significant difference (P � 0.05) from the value for the control (protein-free).
c Significant difference (P � 0.05) from the value for the sample with BSA.
d Significant difference (P � 0.05) from the value for the sample with HSA.

FIG. 1. In vitro mean protein binding (%) of ceftriaxone (CRO; white) and ertapenem (ERT; gray) in THB, THB with BSA (at a protein
concentration of 40 g/liter), THB with HSA (at a protein concentration of 40 g/liter), pooled ABS, and pooled HP.
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EC50s were determined for ertapenem against both strains
when it was supplemented with HSA compared to without
albumin and with BSA.

DISCUSSION

The clinical significance of protein binding on antimicrobial
activity continues to be controversial due to conflicting reports
from in vitro MIC and/or time-kill curve experiments (29). In
these experiments, bacterial media are spiked with either se-
rum or protein supplements in order to produce and modify
protein binding. However, whether the degree of drug binding
in these in vitro test systems is representative of the respective
physiological conditions is often unclear, since free, unbound
concentrations are frequently not experimentally determined.
Instead, reported literature values are commonly used to cor-
rect total concentrations for protein binding (5, 14). The re-
sults of our study, however, clearly show that this approach can
be extremely misleading.

In this study, the MICs and constant concentration time-kill

curves of two �-lactams with reportedly high protein binding,
ceftriaxone (83 to 96%) (30, 31, 38) and ertapenem (84 to
96%) (4), were determined in the presence and absence of
BSA and HSA (40 g/liter) and the outcomes compared. The
results indicate that the antimicrobial activity of both ceftriax-
one and ertapenem was decreased against both test strains,
except for ertapenem against S. pneumoniae, in the presence of
HSA. However, the MICs remained unchanged, except for
ceftriaxone against S. pneumoniae, in the presence of BSA. In
theory, these differences in pharmacodynamic outcome could
be explained by albumin-induced effects on growth and maxi-
mum kill rates, as well as changes in potency (EC50) (20, 22,
28). The evaluation of bacterial growth is, thereby, of particu-
lar importance since only dividing cells are susceptible to �-lac-
tams (22). However, evaluation of the respective growth con-
trols over time revealed that there were no significant
differences in the growth rates of both test strains in the pres-
ence or absence of BSA and HSA (Fig. 2).

Once antibiotic is added, antimicrobial agents kill bacteria
more rapidly as concentrations increase (23). Yet, at concen-

FIG. 2. Effect of BSA and HSA on bacterial growth and the maximum kill rate determined at 8� MIC (with respect to albumin-free medium)
for ceftriaxone and ertapenem against E. coli and S. pneumoniae without (E) and with BSA (F) or HSA (�), both at a protein concentration of
40 g/liter.
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trations of two to four times the MIC, the respective response
varies (23). For �-lactams, the maximum kill effect is already
observed. At this point, a further increase in antibiotic concen-
trations does not result in increased killing and the kill rate
remains constant. The findings of our study are in agreement
with these concepts. However, the results further revealed that
ceftriaxone concentrations of 8� MIC (with respect to no
albumin) are not high enough to reach kmax when HSA is
added but are sufficient when BSA is present (Fig. 2). When
further increasing concentrations to 16� to 32� MIC, the
maximum kill effect was reached and no albumin-related ef-

fects on kmax were determined. In contrast, saturation in kill
was achieved for ceftriaxone and ertapenem in the presence of
BSA as well as for ertapenem when adding HSA at 8� MIC.

Nevertheless, substantial differences in the mean EC50s were
determined for ceftriaxone, whereas no significant differences
in the mean EC50s were determined for ertapenem in the
presence of HSA. In comparison, no differences in the mean
EC50s were determined for both strains and antibiotics when
they were supplemented with BSA. At this point, it is impor-
tant to realize that in isolation, the results of the MIC and
time-kill curves lead to ambiguous conclusions about the im-

FIG. 3. Simultaneous curve fits for ceftriaxone against E. coli and S. pneumoniae in the presence and absence of BSA and HSA (both at
a protein concentration of 40 g/liter) at concentrations of 0.25� MIC ( ), 0.5� MIC ( ), 1� MIC ( ), 2� MIC
( ), 4� MIC ( ), 8� MIC ( ), and 16� MIC ( ) plus growth controls ( ). Symbols represent the
experimental data; solid lines represent the simultaneous curve fits based on the pharmacokinetic/pharmacodynamic model.

FIG. 4. Simultaneous curve fits for ertapenem against E. coli and S. pneumoniae in the presence and absence of BSA and HSA (both at a
protein concentration of 40 g/liter) at concentrations of 0.25� MIC ( ), 0.5� MIC ( ), 1� MIC ( ), 2� MIC
( ), 4� MIC ( ), 8� MIC ( ), and 16� MIC ( ) plus a growth control ( ). Symbols represent the
experimental data; solid lines represent the simultaneous curve fits based on the pharmacokinetic/pharmacodynamic model.
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pact of protein binding on antimicrobial activity. While a two-
fold increase in the MIC was observed for both ceftriaxone
against S. pneumoniae in the presence of BSA and ertapenem
against E. coli in the presence of HSA, no significant differ-
ences in the EC50s were determined in the respective time-kill
curve experiments. These differences in pharmacological out-
come (MIC versus EC50) are frequently attributed to the im-
manent high variability of the employed broth macrodilution
(twofold) method (20, 27). Nevertheless, the fact that there are
tremendous differences between the MICs and EC50s of both
ceftriaxone and ertapenem against both strains cannot simply
be explained by variability or calculated free concentrations,
since both antibiotics have very similarly reported protein
binding values (ceftriaxone, 83 to 96%; ertapenem, 84 to 96%)
(4, 30, 31, 38). However, the major assumption that the re-
ported in vivo protein binding values reflect also the binding
conditions in the in vitro system is rarely validated by experi-
mentally measuring free, unbound concentrations.

Different methods, such as equilibrium dialysis, ultrafiltra-
tion, microdialysis, etc., have been used for the determination
of protein binding and have shown comparable outcomes (2,
10). In our study, free, unbound concentrations were measured
by in vitro microdialysis and respective protein binding values
were calculated (Fig. 1). The results indicate that the observed
differences in the antimicrobial activities of ceftriaxone and
ertapenem can be explained by differences in their in vitro
binding to the respective albumin supplements. While ceftri-
axone is extensively bound to the tested HSA, it shows only
little binding to BSA, and ertapenem hardly binds to either
one. The findings of our in vitro microdialysis study are in
agreement with those from Nix et al., where the binding of
ertapenem to purified albumins was determined by ultrafiltra-
tion (22). The findings of both studies concurrently indicate
that the in vitro binding to albumin supplements was substan-
tially lower than previously reported literature protein binding
values. The results of the ultrafiltration experiment further
showed that the binding of ertapenem to various albumin sup-
plements was greatly dependent on the albumin preparations
used and differed substantially between suppliers (22). These
observations may be explained by the lack of fatty acids in the
albumin supplements (32) and/or the use of rigorous condi-
tions, such as heat treatment or organic solvents during the
purification process that can result in conformational changes
in the respective albumin binding sites and, subsequently, re-
duced protein binding values (22). On the other hand, the
significantly lower binding to pooled ABS, compared to pooled
HP, indicates that for both antibiotics, the differences in bind-
ing capacities between species may play a role. For ceftriaxone,
similar protein binding values have been previously deter-
mined in human, rat, baboon, and rabbit plasma, whereas
substantially lower binding values were measured in dog
plasma (24). This article by Popick et al. further revealed that
the initially high protein binding of ceftriaxone (90 to 95%) at
concentrations of �100 �g/ml is considerably decreased to
approximately 60% at higher concentrations (
400 �g/ml)
(24). In our study, mean protein binding values (ceftriaxone,
76.8 	 11.0%) were determined at concentrations ranging
from 20 to 320 �g/ml and are in agreement with the previously
reported range.

At this point, it also should be mentioned that there are

other factors that may provide an explanation for the differ-
ences in the reported outcomes that range from no protein
binding effects (7, 14) and delay in the onset of activity (5, 6) to
only free, unbound drug being responsible for the antimicro-
bial activity (18, 22, 26, 35, 39, 40). For example, it has been
shown that the bacterial density and the state of nutrition are
crucial parameters and usually differ in the MIC and time-kill
curve studies from the physiological conditions. While a lack of
nutrition and low bacterial numbers hinder the experimental
conduct, very high initial inoculum sizes seem to alter the
susceptibility toward antimicrobial agents and might mask pro-
tein binding effects (17). It would, therefore, be important to
internationally standardize the methodology of protein binding
studies in order to minimize the experimental bias.

In conclusion, the results of the constant and changing con-
centration experiments clearly show that protein binding re-
duces in vitro antimicrobial activity. The study results further
demonstrate that binding to commercially available protein
supplements can substantially differ from that of serum or
plasma and greatly depends on the supplement used. Correct-
ing total concentrations for the reported literature binding
values is consequently unreliable. Instead, free, active antibi-
otic concentrations should be experimentally measured in the
actual test system. In vitro microdialysis is a convenient sam-
pling tool for this purpose. In addition, an international stan-
dardization of the respective test systems might help prevent
further misinterpretation of the impact of protein binding on
antimicrobial activity.
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